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Abstract 



Objective. The mature eukaryotic translation initiation factor 5A contains the unusual amino acid hypusine, formed post-translationally 
from a specific lysine residue and essential for proliferation of eukaryotic cells. We hypothesized that the major eIF5A isoform, eIF5A-l, is 
an in situ biomarker for proliferation. NIH-353, a polyclonal immunoreagent specific for hypusine-containing eIF5A-l, was used to test this 
proposal in biopsies of vulvar high-grade intraepithelial neoplasia (VIN), characterized by the presence of proliferating cells throughout the 
thickness of the epithelium. 

Methods. Formalin -fixed and paraffin-embedded archival samples with an independently established diagnosis of VIN 3 were stained 
immunohistochemically after antigen retrieval, employing NIH-353 and, for comparison, the standard Ki-67 antibody. 

Results. NIH-353 labeled neoplastic keratinocytes throughout the thickness of the epithelium in all VIN 3 samples. Malignant cells in a 
case of focally invasive squamous cell carcinoma also stained strongly for mature, hypusine-containing eIF5A-l . Epithelium adjacent to these 
lesions, though still of apparently normal morphology, was immunoreactive throughout its full thickness. At inflammatory foci of lesional 
sites, solitary reactive lymphocytes were positive, as were individual proliferating cells within dermal appendages. The submucosal stroma 
lacked reactive cells. 

Conclusion. NIH-353 identifies mature eIF5A-l as an in situ biomarker for proliferation. Like Ki-67, this immunoreagent promises broad 
applicability in histopathological diagnosis and may be helpful in outcome prediction. In contrast to Ki-67, NIH-353 visualizes a molecular 
target for antineoplastic therapy, and thus may guide the development and clinical testing of drugs that, like the fungicide ciclopirox, inhibit 
hypusine formation and cell proliferation. 
© 2004 Elsevier Inc. All rights reserved. 
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Introduction 

Genetic information is necessary for protein assembly. 
However, it is not always sufficient to secure the proper 
folding and the physiological function of a protein. Often, 
post-translational modifications are required, which trans- 
form the covalent structure of genetically encoded, peptide- 
bound amino acids into novel residues [1]. For instance, the 



* Corresponding author. Department of Pathology, UH/E158; UMDNJ- 
New Jersey Medical School, 185 South Orange Avenue, Newark, NJ 
07101. Fax: +1-973-972-5724. 

E-mail address: hellerds@umdnj.edu (D.S. Heller). 



sequences of interstitial collagens prominently display 4- 
hydroxyproline, sometimes in every third position, although 
this residue, which determines the helical structure of 
collagens, is not specified by the genetic information 
encoding the collagens. Similarly, post-translationally 
formed amino acid residues such as the iodotyrosine moiety 
of thyroglobulin and the 4-carboxyglutamate moiety of 
coagulation factors IT, VII, IX, and X determine the biolog- 
ical function of these proteins. In each of these examples, an 
inactive precursor becomes a biologically active protein 
only after undergoing post-translational modifications. 

The eukaryotic translation initiation factor 5A (eIF5A) 
also contains an amino acid not specified by genetic infor- 
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mation. This unusual residue is hypusine, the product of two 
sequential post-translational modifications. Hypusine origi- 
nates from a specific lysine moiety by butylamine transfer 
utilizing spermidine, and by subsequent hydroxylation uti- 
lizing atmospheric oxygen [2]. Extensive evidence indicates 
that among eukaryotes, hypusine serves an essential function 
in the control of cell proliferation. The residues surrounding 
the hypusine moiety remain entirely conserved throughout 
eukaryotic evolution, from archaea over fungi and plants to 
insects and vertebrates [2]. In yeast, the single mutation of 
the lysine precursor to hypusine abolishes its capacity to 
proliferate [3]. In cultures of normal or malignant human 
cells, reversible suppression of hypusine formation corre- 
lates with reversible arrest of the cell cycle in late Gl [4]. 
Mature, hypusine-containing eIF5A was reported to promote 
the association of a sub-set of proliferation-related mRNAs 
with polysomes [5] and also the nucleocytoplasmic transport 
of certain mRNAs [6]. Putative motifs in such hypusine- 
dependent mRNAs {hymns) have been proposed to exist in 
their untranslated regions, for example, in the mRNAs that 
encode cyclin Dl ([7]; manuscript in preparation) or cyclo- 
oxygenase-2 [8], proteins known to function in exit from Gl 
and in carcinogenesis, respectively. 

Two human isoforms of eIF5A exist, eIF5A-l and eIF5A- 
2. Both isoforms harbor the hypusine modification [9]. The 
first isoform, eIF5A-l, is ubiquitously expressed and abun- 
dant in proliferating cells. In contrast, the second isoform, 
eIF5A-2, is expressed only in specific tissues or in certain 
cancer cell lines. Recently, we observed that NIH-353, a 
rabbit polyclonal antibody raised against human mature 
eIF5A-l, displays a high specificity toward fully modified, 
hypusine-containing eIF5A-l [10], and negligible cross re- 
activity with eIF5A-2 [9]. For these reasons, we considered 
NIH-353 to be a suitable tool for detecting the presence of 
mature eIF5A-l in proliferating cells of human tissues. 

In a preliminary study [10], we noted that the NIH-353 
immunoreagent stained the cells in the basal and parabasal 
regenerative layers of normal cervical epithelium in a 
pattern similar to the one obtained immunohistochemically 
for the nuclear protein Ki67, a widely employed marker for 
proliferating cells of all tissues and expressed only during 
cell cycle progression [11]. We therefore chose to examine 
the potential utility of NIH-353 in established cases of 
intraepithelial neoplasia of the vulva (VIN), the precursor 
to vulvar cancer [12]. VIN is not only a model for the 
proliferative abnormalities caused by infection of oral and 
anogenital mucosa with oncogenic types of human papillo- 
mavirus (HPV) [13], but is also representative of intra- 
epithelial neoplasia in general, the near-obligate antecedent 
to cancer in most epithelial tissues [14]. 

Materials and methods 

Polyclonal antiserum against the native hypusine-con- 
taining eIF5A-l, purified from human erythrocytes [15], 



was generated in a rabbit and termed 'NIH-353'. The 
specificity of NIH-353 was established by Western blot 
(NuPage™ Bis-Tris Electrophoresis System; Invitrogen 
Life Technologies, Carlsbad, CA) using side-by-side com- 
parison of its reactivity with two biosynthetic forms of 
eIF5A-l, that is, the ly sine-containing precursor eIF5A-l 
(Lys) and the mature hypusine-containing form eIF5A-l. A 
monoclonal mouse antibody against the carboxyterminal 
segment of eIF5A-l that lacks the hypusine-containing 
loop and comprises residues 58 to 154 was used to assess 
hypusine-independent immuno reactivity of eIF5A-l (BD- 
6119; BD Biosciences, San Jose, CA). The two antibodies 
were compared by Western blot using the two forms of 
eIF5A, eIF5A-l(Lys), and eIF5A-l(Hpu). Signal was de- 
veloped with a chemiluminescence reagent (SuperSignal 
West Pico Substrate; Pierce Biotechnology, Rockford, IL) 
on film (BioMax MR™; Kodak, Rochester, NY). The 
polyclonal, affinity-purified rabbit antiserum against the 
human Ki67 protein that was employed for immunohisto- 
chemistry detects a 20-residue epitope of the protein Ki67 
(Ki-67; Dako, Glostrup, Denmark) and displays reactivity 
similar to the mouse monoclonal MIB-1 variant. The 
UMDNJ Institutional Review Board for Human Subjects 
Protection approved the anonymous use of archival, for- 
malin-fixed, paraffin-embedded vulvar tissue, containing 
either normal skin or lesions that had received an inde- 
pendently established diagnosis of VIN 3. A total of nine 
tissue blocks were studied in this exploratory investigation, 
three normal and six lesional samples. The plates shown in 
Fig. 2 summarize the representative findings. In these 
tissues, signal generation with NIH-353 and with Ki-67 
required the application of a cycled microwave irradiation 
protocol for antigen retrieval, using a commercially avail- 
able buffer system (Citra™; BioGenex, San Ramon, CA). 
Immunostaining of proliferating cells in formalin- fixed 
paraffin-embedded human tissues was optimal at a 1/80 
dilution of NIH-353. In identically prepared sections of the 
same tissue blocks that were to be evaluated as negative 
controls, the first antibody (NIH-353 or Ki-67, respective- 
ly) was omitted. For signal generation, the streptavidin- 
biotin/horseradish peroxidase complex technique was used, 
with diaminobenzidine as chromogen and hematoxylin as 
counterstain. Endogenous peroxidase was blocked in all 
tissue sections as described [16]. All tissue sections were 
counterstained with hematoxylin. 



Results 

The selectivity of NIH-353 for the mature hypusine- 
containing form of eIF5A-l was shown by Western analysis 
(Fig. 1). This reagent recognized the mature protein at 0.01 
and 0.1 \xg (lanes 1 and 2), while the lysine-containing 
precursor was hardly detectable even at 1 fig (lane 4). NIH- 
353 therefore must react with either the hypusine residue 
itself, or with a tiiexsep ifST^^ 



*-* , B.M. Cracchiolo et al / 



NIH-353 BD-61197 

1 2 3 4 5 6 7 8 




0.01 0.1 0.1 1 fig 0.01 0.1 0.1 1 pg 
5A(Hpu) 5A(Lys) 5A(Hpu) 5A(Lys) 

A B 



F»g- 1 ■ (Reactivity of NIH:353T A^ and of BD-61197 (B), with hypusine- 
containing eIF5A-l [5A(Hpu)] and with its lysine precursor [5A(Lys)]. 
Purified proteins were electrophoresed in parallel lanes (1 -4 and 5-8) on a 
12% Nu-PAGE gel and transferred to a nitrocellulose membrane. The 
membrane was cut into two equal parts and immunostained with NIH-353 
(A) or BD-61197 (B). 



(post-translational syTitHesir^of''hvpusina In contrast, BD- 
61197 failed to distinguish between hypusine-containing 
eIF5A-l and its lysine-containing precursor. Raised against 
only the C-terminal part of eIF5A-l (residues 58-154), 
which lacks the hypusine modification site, BD-61197 
recognized both the lysine precursor as well as the hypusine 
form of eIF5A-l with similar signal intensity (Fig. IB). The 
lack of reactivity of the lysine-containing precursor 
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[5A(Lys)] on panel A (lanes 3 and 4) with NIH-353 was 
apparently not due to the absence of the antigen protein on 
the membrane, since the two lanes (3 and 4) gave a strong 
signal upon reprobing with BD-61197 (data not shown). 

The NIH-353 reagent, reactive with the biologically 
active form of eIF5A-l, exclusively labeled the keratino- 
cytes in the basal and parabasal layers of normal vulvar skin 
(Fig. 2A). The Ki-67 reagent, known to visualize the Ki67 
protein as it occurs in the nucleus during S phase and in the 
perichromosomal region during mitosis [17], likewise la- 
beled keratinocytes exclusively in these epidermal strata 
(Fig. 2C). These strata are the only intraepithelial sites of 
proliferative activity, supplying the cells that are physiolog- 
ically required for regeneration and maintenance of normal 
squamous epithelium. 

In intraepithelial neoplasia of the vulva (VIN 3), Ki-67 
decorated the nuclei of keratinocytes in all layers of the 
epidermis, revealing the presence of the Ki67 protein and 
thus, on-going proliferation. Positive cells were often ar- 
ranged in clusters. In the subepithelial matrix, the few 
reactive cells located preferentially to inflammatory foci 
below the basement membrane at lesional sites and were 
identified as reactive lymphocytes (Fig. 2D). NTH-353 
generated an analogous pattern of signal distribution. The 
aggregate of keratinocytes throughout the entire thickness of 
the epithelium was positive (Fig. 2B), as were individual 
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Fig. 2. Immunohistochemical staining with NIH-353 and Ki-67, respectively, of healthy vulvar skin (Normal) and of a Grade 3 vulvar intraepithelial neoplasia 
(VIN 3). Identical sections of normal vulvar skin (A, C) are shown at high power, and identical sections of a typical VIN 3 lesion (B, D) at low power. NIH-353 
was used in the upper panels (A, B) and Ki-67 in the lower panels (C, D). Small arrows highlight individual cells that (exempli f ythe extranucIeaF^ininT Tbyi 
(NIH^353)(A; also high power inset into A) and the intranuclear staining by Ki-67 (C). Large arrows highlight isolated aggregates of reactive lymphocytes 
immediately below the basement membrane that are similarly detected by NIH-353 (B) and by Ki-67 (D). 
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cells within sweat glands or hair follicles, and reactive 
lymphocytes, known to synthesize hypusine-containing 
eIF5A-l [18] (Fig. 2, arrows in B/D). In contrast to Ki-67, 
whose intranuclear localization generated a punctate signal 
(Fig. 2, arrows in C), the NIH-353 stain did not highlight the 
nuclei and instead, detected the presence of hypusine-con- 
taining eIF5A-l in the cytoplasm, often in a preferentially 
perinuclear localization (Fig. 2, arrows in A). The often 
distinctly visible yet uniform exclusion of the NIH-353 
signal from nuclei generated unstained nuclear lacunae. 
Only in mitotic cells, in which the . nuclear envelope had 
been dissolved, did the NIH-353 signal distribute homoge- 
neously, surrounding and directly abutting their chromo- 
somal plates. In contrast to the punctate and 'periodic' 
intraepithelial decorations by Ki-67, the labeling by NIH- 
353 painted the intraepithelial areas containing proliferating 
cells in a more homogeneous, 'continual' manner, and 
occurred even in areas non-reactive with Ki-67 (compare 
A vs. C and B vs. D in Fig. 2). A further distinction was 
noted in juxtalesional epithelium not yet displaying cyto- 
logical abnormalities. Whereas the intraepithelial labeling 
with Ki-67 reverted sharply from full-thickness to basal- 
layer only, NIH-353 sustained the uniform labeling of 
keratinocytes in the middle and upper epithelial layers, just 
as in morphologically manifest lesions (data not shown). 
This is consistent with the 'field change' around VIN 
lesions: adjacent vulvar epithelium of normal cytological 
appearance nevertheless expresses VIN-typical epitopes that 
are absent from healthy epithelium [19]. One of the vulvar 
biopsies also contained a focal ly invasive squamous cell 
carcinoma, which displayed the same distribution of mature 
eIF5A-l as described for intraepithelial neoplasia (data not 
shown). 

The submucosal stroma lacked positive cells, generating 
in VIN 3 cases a sharp demarcation of the Ki-67 signal and 
of the NIH-353 signal at the basement membrane (Fig. 2). 
Both immunoreagents failed to label the superficial hyper- 
keratotic stratum of the epidermis. 



Discussion 

In intraepithelial neoplasia of the vulva, the immunohis- 
tochemical detection of the Ki67 protein and of hypusine- 
containing eIF5A-l, using the Ki-67 and the NIH-353 
immunoreagents, respectively, generated a staining pattern 
that clearly identifies the abnormally proliferating keratino- 
cytes throughout all layers of the epidermis. Ki-67 staining 
of VIN lesions has significantly improved the accuracy of 
their grading [20] and has been shown to be diagnostically 
useful in separating vulvar HPV-related lesions from their 
non-HP V-related histological mimics [21]. After progres- 
sion of VIN 3 lesions to vulvar squamous cell carcinoma, 
Ki-67 staining generates distinct distributions of lesional 
labels that have prognostic significance [22] and directly 
relate to overall survival [23]. For vulvar malignancies, the 



identification of novel biomarkers of diagnostic and predic- 
tive value is being actively pursued [24]. Based on our 
immunohistochemical findings with NIH-353, we propose 
that hypusine-containing eIF5A-l should be ranked among 
candidate biomarkers for the in situ detection of prolifera- 
tive abnormalities, for example, those triggered by oral or 
anogenital infections of keratinocytes with oncogenic strains 
of HP V 

The staining patterns observed in tissues and cells with 
the Ki-67 and the NIH-353 reagents are as expected. Both 
reagents stain actively proliferating cells, and the intracel- 
lular distribution of the signal is consistent with the subcel- 
lular prominence of their respective target proteins Ki67 and 
hypusine-containing eIF5A-l, that is, nuclear versus cyto- 
plasmic, respectively. For replication of their DNA, cycling 
cells require both Ki67 protein and mature eIF5A-l. Ren- 
dering either protein non-functional, for example, by anti- 
sense oligonucleotides in case of Ki67 protein [25] or by 
inhibitors of hypusine formation in case of eIF5A-l [2,4], 
disrupts cell cycle progression, decreasing the number of 
cells that enter into S phase, and concurrently increasing the 
number of cells caught in Gl. Both macromolecules also 
show a distinct relationship with ribosomes. The Ki67 
protein is an organizer of nucleoli, the site of ribosomal 
biogenesis [26]. Mature eIF5A-l has been proposed to be a 
mediator of translational control, directing nucleocytoplas- 
mic transport and thus the polysomal utilization of specific 
mRNAs [5,6]. We consider NIH-353 as the prototype of 
improved immunoreagents with wide applicability in histo- 
pathological diagnosis, just as the original Ki-67 gave rise to 
optimized antibodies, for example, of the MIB or TEC 
series [17]. 

In contrast to Ki-67 and other immunoreagents detect- 
ing proliferating cells in sections of human tissue, NIH- 
353 visualizes an epitope that is the molecular target of 
chemical compounds already in agricultural and clinical 
use for their remarkable antiproliferative activity. The 
biochemical pathway of hypusine formation has been 
established in great detail, facilitating the identification of 
several classes of inhibitors for the two enzymes involved, 
deoxyhypusine synthase and deoxyhypusine hydroxylase 
(e.g., Refs. [2,4,27,28]). Among the most potent inhibitors 
of deoxyhypusine hydroxylase known at present, is the 
therapeutically used fungicide ciclopirox, which at low- 
micromolar concentrations abolishes the formation of 
hypusine in human eIF5A-l and causes arrest of cell 
proliferation in late Gl [5,28,29,30]. We recently proposed 
that topical application of ciclopirox, commercial prepara- 
tions of which contain millimolar quantities, offers the 
prospect of a novel treatment principle for the medical 
control of intraepithelial neoplasia in general [29,30], 
widely considered a major challenge in cancer prevention 
[14]. The antineoplastic mode of action of ciclopirox is 
distinct from that of other compounds explored for the 
topical treatment of VIN, such as imiquimod [31]. The 
demonstration that hypusine-containing eIF5A-l is highly 
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expressed in the abnormally proliferating keratinocytes of 
VTN 3 lesions (Fig. 2B) provides a compelling rationale 
for the development and clinical testing of topical drugs 
that, like ciciopirox, inhibit hypusine formation and con- 
sequently, the proliferation of neoplastic keratinocytes 
within the intraepithelial compartment. 

NIH-353 not only identifies the aberrant cell proliferation 
of vulvar, but also of cervical intraepithelial neoplasia as 
well as of invasive cervical and endometrial cancers [32]. 
The NIH-353 reagent and its monoclonal analogs, therefore, 
are likely to visualize the presence of hypusine-containing 
eIF5A-l in other human neoplasias. 
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